Neuronal orientation selectivity has been shown in animal models to require corticocortical network cooperation and to be dependent on the presence of GABAergic inhibition. However, it is not known whether variability in these fundamental neurophysiological parameters leads to variability in behavioral performance. Here, using a combination of magnetic resonance spectroscopy, magnetoencephalography, and visual psychophysics, we show that individual performance on a visual orientation discrimination task is correlated with both the resting concentration of GABA and the frequency of stimulus-induced gamma oscillations in human visual cortex. Behaviorally, a strong oblique effect was found, with the mean angular threshold for oblique discrimination being five times higher than that for vertically oriented stimuli. Similarly, we found an oblique effect for the dependency of performance on neurophysiological parameters. Orientation detection thresholds were significantly negatively correlated with visual cortex GABA concentration for obliquely oriented patterns (r ϭ Ϫ0.65, p Ͻ 0.015) but did not reach significance for vertically oriented stimuli (r ϭ Ϫ0.39, p ϭ 0.2). Similarly, thresholds for obliquely oriented stimuli were negatively correlated with gamma oscillation frequency (r ϭ Ϫ0.65, p Ͻ 0.017), but thresholds for vertical orientations were not (r ϭ Ϫ0.02, p ϭ 0.9). Gamma oscillation frequency was positively correlated with GABA concentration in primary visual cortex (r ϭ 0.67, p Ͻ 0.013). These results confirm the importance of GABAergic inhibition in orientation selectivity and demonstrate, for the first time, that interindividual performance on a simple visual task is linked to neurotransmitter concentration. The results also suggest a key role for GABAergic gamma oscillations in visual discrimination tasks.
Introduction
Within visual cortex, individual neural receptive fields are strongly tuned for stimulus orientation (Hubel and Wiesel, 1962) , allowing the detection and analysis of contours within the visual scene and also providing the neural substrate for our ability to discriminate differences in pattern orientation. It has also been shown that GABAergic inhibition appears to play a key role in determining the orientation profile of these neurons, although this is the subject of much debate (Allison and Bonds, 1994; Ferster et al., 1996; Ferster and Miller, 2000; Shapley et al., 2003) . The application of a GABA antagonist, such as bicuculline, can reversibly reduce orientation selectivity (Sillito, 1975; Tsumoto et al., 1979; Sillito et al., 1980; Wolf et al., 1986) , while cells can become more sharply tuned when GABA is applied (Li et al., 2008) .
Inhibitory mechanisms are also important in determining the properties of cortical oscillations (Traub et al., 1996; Wang and Buzsáki, 1996; Whittington et al., 2000; Bartos et al., 2007) , especially in the 30 -80 Hz gamma range. Stimulus-induced gamma oscillations arise in coupled populations of GABAergic inhibitory interneurons and excitatory pyramidal cells, and have been recorded from the primary visual cortex of cat (Gray and Singer, 1989) , monkey (Friedman-Hill et al., 2000; Henrie and Shapley, 2005) , and human (Adjamian et al., 2004; Muthukumaraswamy et al., 2009 ). Both modeling and neurophysiological recordings have demonstrated that the properties of gamma oscillations are controlled by the relative contributions of cortical excitation and inhibition (Whittington et al., 2000; Brunel and Wang, 2003) and a recent human study shows that gamma oscillation frequency is predicted by the concentration of resting GABA in visual cortex (Muthukumaraswamy et al., 2009) . Recordings in monkey have also shown that visual gamma oscillations are modulated by orientation (Friedman-Hill et al., 2000) and show sharper orientation tuning than lower frequency oscillations (Frien et al., 2000) . Given that behavioral orientation discrimination thresholds are better than might be predicted from individual neuronal receptive fields, it has been proposed that visual gamma oscillations may also provide a mechanism for synchronizing neurons into a cooperative neural assembly that then enhances orientation discrimination performance (Samonds et al., 2004; Samonds and Bonds, 2005) .
The above evidence suggests that the properties of both GABAergic inhibition and gamma oscillations in primary visual cortex may be important in determining orientation selectivity at the neuronal level. What is it not known, however, is whether variability in these measures leads to variability in human behavioral performance. The aim of this work was therefore to investigate whether individual variability in orientation discrimination performance is related both to the level of GABA within an individual's cortex, measured using magnetic resonance spectroscopy (MRS), and the properties of stimulus-driven gamma oscillations in visual cortex, measured using magnetoencephalography (MEG).
Materials and Methods
Participants. Fifteen healthy right-handed male volunteers with normal or corrected-to-normal vision were recruited. However, one volunteer could not be scanned with MEG and one participant was unable to successfully perform the oblique discrimination task (threshold ϭ 4.6°, 4.3 SD from the mean). The final cohort therefore consisted of 13 volunteers (mean age 33.3; range 23.5-42.9) who participated after giving informed consent. Seven of these were scanned using MEG and MRS for a previous study (Muthukumaraswamy et al., 2009) . MEG, MRS, and behavioral data were collected on separate days. All procedures were approved by the local Ethics Committee.
Psychophysics. Orientation discrimination thresholds were measured using a two-alternative forced choice procedure shown in Figure 1 A. The display was a Sony Trinitron G400 CRT monitor controlled by an ATI RADEON X1600 Pro graphics card. Participants were seated 57 cm from the monitor, using a chin rest to stabilize the head. The room was completely dark, and a circular aperture was placed over the monitor to remove all external orientation clues, such as those from the edges of the screen. On each trial, two circular gratings (diameter 4°; spatial frequency 3 cycles/degree; contrast 80%; mean luminance 44.5 cd/m 2 ) were presented sequentially, each for 350 ms, interpresentation time chosen randomly from 400 -600 ms. The orientation difference between the gratings was adjusted logarithmically, using two interleaved one-up twodown staircases that converged on 71% correct performance. The mean orientation for the two gratings was held fixed at 0°in the "vertical" condition and 45°in the "oblique" condition. Participants were asked to judge whether the second grating was rotated clockwise or counterclockwise compared to the first. Responses were made using the buttons on a computer mouse and auditory tone feedback was given on each trial. Each run consisted of a block of either vertical or oblique trials, with the block order counterbalanced across participants. The run continued until both staircases completed 12 reversals, typically lasting ϳ4 min. The first two reversals of each staircase were discarded before computing the threshold in degrees by taking the mean over the last 10 and then averaging the thresholds from the two staircases. Participants performed three runs each of the vertical and oblique conditions. To control for training effects, only the last two thresholds per condition were averaged to provide final threshold estimates for each participant.
Magnetoencephalography. MEG recordings were made using a CTFOmega 275-channel system sampled at 1200 Hz (0 -300 Hz bandpass) in third-order gradiometer mode. Three of the 275 channels were turned off due to excessive sensor noise. To achieve MRI/MEG coregistration, fiduciary markers were placed at fixed distances from anatomical landmarks identifiable in the participant's anatomical MRIs (tragus, eye center).
Visual stimuli consisted of vertical, stationary, maximum-contrast, 3 cycles/degree, square-wave gratings presented on a mean luminance background. Stimuli were presented in the lower left visual field and subtended 4°both horizontally and vertically, with the upper right corner of the stimulus located 0.5°horizontally and vertically from a small red fixation point. Participants were instructed to maintain fixation for the entire experiment and to press a response key as fast as possible at the termination of each stimulation period. The duration of each stimulus was 1.5-2 s followed by 2 s of fixation cross only. Two hundred stimuli were presented in a session, and participants responded to the first 100 stimuli with either the right or left hand and to the second 100 trials with the opposite hand. A Mitsubishi Diamond Pro 2070 monitor controlled by Presentation software (Neurobehavioral Systems) was used to present all stimuli at 1024 ϫ 768 resolution at 100 Hz.
Synthetic aperture magnetometry (SAM) (Vrba and Robinson, 2001 ) was used to create three-dimensional differential images of source power (pseudo-t statistics) for 1.5 s of baseline (Ϫ1.5 to 0 s) compared to 1.5 s of visual stimulation (0 -1.5 s) at an isotropic resolution of 4 mm. To localize visual gamma responses, volumetric SAM images were initially constructed within four frequency bands, 0 -20 Hz, 20 -40 Hz, 40 -60 Hz, and 60 -80 Hz, based on our previous work (Muthukumaraswamy and Singh, 2009 ). The peak locations of gamma activity in each primary visual cortex were located in the volumetric images and SAM virtual electrodes reconstructions were generated for these locations using covariance matrices bandpass filtered between 0 and 100 Hz. Timefrequency analysis was then performed using the Hilbert transform between 1 and 100 Hz in 0.5 Hz frequency steps. From these timefrequency spectra, peak gamma band frequency and amplitudes, expressed as percentage change from baseline, were obtained. In four of the participants, peak gamma oscillation frequency was measured on another five occasions, each separated by 1 week, to estimate intersession variability in this parameter.
Magnetic resonance imaging. MR data were acquired on a 3 tesla General Electric Signa HDx scanner with an eight-channel receiveonly head RF coil (Medical Devices). For each participant we obtained a 3D FSPGR scan with 1 mm isotropic voxel resolution for use with the MEG analyses.
GABA-edited MR spectra were acquired from a 3 ϫ 3 ϫ 3 cm 3 volume positioned medially in the occipital lobe using the MEGA-PRESS method (Mescher et al., 1998; Edden and Barker, 2007) . The lower face of the voxel was aligned with the cerebellar tentorium and positioned so as to avoid including the sagittal sinus and to ensure the volume remained inside the occipital lobe. The following experimental parameters were used: TE ϭ 68 ms; TR ϭ 1800 ms; 512 transients of 2048 data points were acquired in 15 min experiment time; a 20 ms Gaussian editing pulse was applied at 1.9 ppm in alternate scans. Four hertz exponential line broadening and a high-pass water filter were applied, and the MEGA-PRESS difference spectrum was produced. The edited GABA signal at 3 ppm and the unsuppressed PRESS water signal were integrated. A concentration measurement in institutional units was derived by accounting for the editing efficiency and the T1 and T2 relaxation times of water and GABA. The integral of the GABA peak was calculated automatically using a linear fit of the baseline and a Gaussian fit to the peak itself (Marshall et al., 2000) . Two 15 min measurements were made, and the mean concentration measurement was calculated for each participant.
Cortical mesh models were constructed for each participant from their anatomical FSPGR scan using FreeSurfer (Dale et al., 1999) . Freesurfer was also used to obtain measures of cortical volume and cortical thickness in the occipital lobe, within the pericalcarine, lingual, and cuneal gyri.
The robustness of the significant Pearson correlation coefficients was estimated using bootstrapping with replacement, with 10,000 iterations used to provide 95% confidence intervals. Linear regression analysis was also performed in SPSS16, to investigate partial correlations between variables of interest.
Results
Figure 1 B shows example behavioral data from one participant, demonstrating convergence of the two staircases for the oblique orientation task. There was a clear, significant, difference between thresholds for the oblique and vertical discrimination tasks (t (12) ϭ 6.8, p Ͻ 0.0001). For vertical, the final discrimination threshold was 0.5 Ϯ 0.1°, while for oblique it was 1.8 Ϯ 0.2°. The threshold for oblique discrimination is clearly higher than that for vertical by a factor of 5.0 Ϯ 1.0. There was also a significant effect of training for the oblique task, but not the vertical. For the oblique task, mean thresholds fell from 2.3°to 1.8°over the three measurement sessions, while for the vertical task, thresholds were essentially unchanged (0.55-0.54°).
In the MEG recording session, all participants demonstrated a sustained stimulus-induced gamma oscillation in primary visual cortex (Fig. 2 A) . Virtual electrode analysis was performed at the cortical location showing the peak gamma amplitude for each participant (Fig. 2 B) . Figure 2D shows a representative gamma spectrum for one participant, integrated over the latency range 0.5-1.5 s, during stimulus presentation. The amplitude of the gamma oscillation was expressed as the percentage change in amplitude from the prestimulus baseline and, across participants, ranged from 4.0 to 57.0% (mean ϭ 19.0 Ϯ 4.1%). The frequency of the gamma oscillation ranged from 43.5 to 58.0 Hz (mean: 50.9 Ϯ 1.3 Hz).
In the MRS session, all participants' spectra showed a clearly resolved GABA peak at 3 ppm, which was well modeled by a Gaussian fit to the spectra. GABA concentration varied across the participants from 1.07 to 1.41 IU (mean: 1.22 Ϯ 0.03). Figure 2 C shows the spectrum from a representative participant.
As shown in Figure 3 , the angular threshold for the oblique orientation discrimination task was inversely correlated with GABA concentration (r ϭ Ϫ0.65, p Ͻ 0.015), whereas the correlation for vertical stimuli was weaker and not statistically significant (r ϭ Ϫ0.39, p ϭ 0.2). Similarly, the orientation discrimination threshold was negatively correlated with an individual's gamma frequency for oblique stimuli (r ϭ Ϫ0.65, p Ͻ 0.017) but not for vertical stimuli (r ϭ Ϫ0.02, p ϭ 0.9). No significant correlations were found between orientation performance and gamma amplitude, for either oblique or vertical stimuli.
As we previously reported (Muthukumaraswamy et al., 2009 ), gamma frequency was strongly correlated with GABA concentration (r ϭ 0.67, p Ͻ 0.013) (Fig. 4 A) again suggesting a key role for inhibitory GABAergic mechanisms in controlling the parameters of gamma oscillations. Note that seven of the current participants were in our previous study. However, if only the six new participants are included we still find a significant correlation between GABA and gamma frequency (r ϭ 0.82, p Ͻ 0.048).
The three highly significant correlations that we found between GABA concentration, gamma frequency, and oblique orientation discrimination threshold were tested against a bootstrapped distribution, to provide 95% confidence intervals (CIs), and the results are shown in Figure 4 B. In all three cases, the correlation coefficient appears robust, with CIs that do not intersect the axis.
Performance on the discrimination tasks was not correlated with the age of our participants for either the oblique task (r ϭ 0.36, p Ͼ 0.2) or the vertical task (r ϭ Ϫ0.17, p Ͼ 0.6). Neither the oblique or vertical discrimination threshold showed a significant correlation with either gray-matter thickness or volume in the occipital lobe. Similarly, none of GABA concentration, gamma amplitude, or gamma frequency were significantly correlated with age, occipital gray matter thickness or occipital gray matter volume. The total volume of occipital gray matter did show a significant age-related decline (r ϭ Ϫ0.58, p Ͻ 0.04).
Linear regression analysis using GABA, gamma frequency, and age as covariates to explain variance in oblique discrimination was performed. When controlled for gamma frequency, GABA did not show a significant correlation with threshold (r ϭ Ϫ0.39, p ϭ 0.21). Similarly, when controlled for GABA, gamma frequency did not show a significant correlation with threshold (r ϭ Ϫ0.38, p ϭ 0.23). Interestingly, when the correlations due to gamma frequency and GABA are accounted for, there was a trend to significance for age versus oblique orientation threshold (r ϭ 0.534, p ϭ 0.09), suggesting that some of the variance across participants may be explained by a general decline in performance with age, independent of the effects of GABA and gamma frequency. In support of this, the correlation between GABA and oblique orientation threshold increased when age was controlled for (Ϫ0.67 to Ϫ0.75, p Ͻ 0.005). Similarly, the correlation between gamma frequency and behavioral threshold also increased slightly (Ϫ0.65 to Ϫ0.66).
Discussion
In this work we have demonstrated that individual variability of performance on an orientation discrimination task is correlated with the resting GABA concentration in an individual's cortex.
These findings confirm a central role for GABAergic inhibition in orientation discrimination and provide a direct link between previous animal neurophysiology studies and human behavioral measures. The strong correlations we find are particularly remarkable given that resting GABA concentration is assessed over such a large volume of occipital cortex. In addition, the MRS concentration presumably reflects the total baseline amount of GABA that is available, both intracellular and extracellular, and so there is no guarantee that this measure should reveal anything about the active GABAergic current at the synapses. The fact such strong behavioral and electrophysiological relationships to GABA exist suggests that MRS measures of bulk resting GABA do indeed tell us something about the functional action of GABA, but caution must be maintained when interpreting what are only correlational findings.
Neuronal inhibition, mediated by GABAergic interneurons, may influence performance of orientation discrimination tasks by (at least) two possible mechanisms, at either a neuronal or network level. First, it is thought that inhibition plays a direct role in sharpening orientation tuning across a wide range of stimulus contrasts, although the precise contribution and mechanisms are the subject of much debate (Ferster et al., 1996; Ferster and Miller, 2000; Shapley et al., 2003) . Second, it has been proposed that the coordinated action of several neurons is needed to explain why human behavioral performance appears better than that of a single neuron (Samonds et al., 2004) . The mechanism for binding orientation representation across neural assemblies is unknown, but some have proposed a role for gamma oscillations in helping to synchronize neural firing within this assembly (Samonds and Bonds, 2005) . Thus, GABA may also influence orientation discrimination performance through modulation of the properties of visual gamma oscillations.
In support of this, we also found that orientation discrimination performance was correlated with gamma oscillation frequency in primary visual cortex. Note that we did not measure gamma oscillations while people performed the orientation discrimination task, rather we use the frequency of response to the same grating stimulus as a trait measure of the excitation/inhibition balance in cortex. Again, this correlation may be observed for two reasons, associative and causative. First, it may simply be, as shown in Figure 4 A and in previous studies (Muthukumaraswamy et al., 2009) , that gamma frequency is positively correlated with orientation performance simply through a mutual dependency on GABA, and plays no real role itself in the task.
Alternatively, a more rapid gamma oscillation may confer a direct advantage in terms of task performance. On initial presentation of a visual stimulus, a high-frequency transient gamma response is generated from the retina through the LGN to primary visual cortex (Castelo-Branco et al., 1998) where it synchronizes the neural assembly needed to perform extraction of salient stimulus features such as orientation (Samonds and Bonds, 2005) . This transient synchrony tends to decay, but it has been shown that when sustained gamma oscillations are present, neural synchrony within these neural subgroups tends to be preserved (Fries et al., 2001; Samonds and Bonds, 2005) . This is important because synchronization of neural firing has been shown to enhance stable transmission of information through the cortex (Diesmann et al., 1999) . We therefore suggest that within the cortex of individuals demonstrating a higher gamma frequency trait, neural synchrony is maintained more efficiently, enhancing the stability and accuracy of perceptual grouping and thereby contributing to better performance on orientation tasks. A direct test of this hypothesis would be to measure gamma oscillation frequency during performance of the orientation discrimination task and assess both intersubject and trial-by-trial intrasubject correlations with behavioral performance.
As expected, we observed the "oblique effect," in which performance is much poorer for obliquely oriented stimuli than for the cardinals (Appelle, 1972) . This has been observed many times, but the fundamental mechanism is poorly understood (McMahon and MacLeod, 2003) . Some studies show that there are fewer cells optimally tuned for oblique orientations (Mansfield, 1974; Li et al., 2003) and less cortical area devoted to oblique representations (Coppola et al., 1998; Wang et al., 2003) . Macroscopic investigations, such as evoked potentials in cat (Bonds, 1982) and human (Maffei and Campbell, 1970) and functional magnetic resonance imaging (Furmanski and Engel, 2000) also provide support for a cortical origin of this oblique effect. However, these differences in cortical representation and activation tend to be rather modest compared to the large differences in thresholds that we and others observe, especially for stimuli that are well above detection thresholds.
One possibility is that the difference between cardinal and oblique performance may not arise from primary visual cortex itself, but may result from top-down modulation from highervisual areas. A recent study in cat primary visual area 17 showed that the increased areal representation of the cardinal axes, compared to the obliques, was greatly increased by glutamate excitation of cat visual area 21a and decreased by the deactivation of the same area by GABA (Liang et al., 2007) . These studies suggest that the oblique effect may be at least partly due to feedback from higher-level areas and we could speculate that those individuals with higher GABA within specific visual areas may have increased inhibitory control of these feedback processes. This would then explain why we found a correlation between oblique discrimination performance and GABA concentration, but not for vertical stimuli. Given the large extent of our MRS voxel, we cannot speak to this issue. However, future studies could investigate this hypothesis directly by the targeted placement of multiple smaller MRS voxels, at the expense of increased acquisition time, to see whether behavioral performance correlates most strongly with GABA concentration in the ventral visual areas thought to contain the human homolog of 21a.
Whatever the neurophysiological substrate underpinning the oblique effect, our failure to observe a correlation between GABA concentration and vertical discrimination performance may also be a reflection of a "ceiling" effect in which performance is so good on the vertical task that intersubject variability is too small to detect the correlation with intrinsic GABA levels, at least in our moderately sized cohort. In support of this, we note that in Figure  3B there does appear to be an apparent negative correlation between vertical orientation discrimination and GABA, which does not reach significance (r ϭ Ϫ0.37, p Ͻ 0.02). However, this is not the case for the correlation between vertical performance and gamma frequency (Fig. 3D) . It is worth noting that a previous study also found that migraineurs were significantly impaired on orientation discrimination compared to controls, but only for oblique orientations (Tibber et al., 2006) .
In conclusion, we believe that this study underlines the importance of studying interparticipant variability in neuroimaging, neurophysiological, and behavioral experiments, and queries the wisdom of studying small numbers of observers or averaging across groups. The results we present here show that variability in an individual's perceptual performance is, at least partly, explained by variability in neurophysiological traits of that individual. The current experiment provides a strong example of how the study of these variances can potentially provide useful information on the mechanisms underlying perceptual and cognitive performance.
